Two sequence alignment of SEQ ID NO 32 and SEQ ID NO 33: 

>>csequence (439 aa) 

initn: 1323 initl : 1323 opt: 1324 
Smith-Waterman score: 1324; 93.720% identity in 207 aa overlap 



40 50 60 70 80 90 

SEQ 33 QVEREDAGVYVCKATNGFGSLSVNYTLWLDDISPGKESLGPDSSSGGQEDPASQQWARP 



SEQ 32 MTRSPALLLLLLGALPSAEAARDDISPGKESPGPGGSSGGQEDPASQQWARP 

10 20 30 40 50 

100 110 120 130 140 150 

SEQ 3 3 RFTQPSKMRRRVIARPVGSSVRLKCVASGHPRPDITWMKDDQALTRPEAAEPRKKKWTLS 



SEQ 32 RFTQPSKMRRRVIARPVGSSVRLKCVASGHPRPDIMWMKDDQTLTHLEASEHRKKKWTLS 
60 70 80 90 100 110 

160 170 180 190 200 210 

SEQ 3 3 LKNLRPEDSGKYTCRVSNRAGAINATYKVDVIQRTRSKPVLTGTHPVNTTVDFGGTTSFQ 



SEQ 3 2 LKNLKPEDSGKYTCRVSNKAGAINATYKVDVIQRTRSKPVLTGTHPVNTTVDFGGTTSFQ 
120 130 140 150 160 170 

220 230 240 250 260 270 

SEQ 33 CKVRSDVKPVIQWLKRVEYGAEGRHNSTIDVGGQKFWLPTGDVWSRPDGSYLNKPL 



SEQ 32 CKVRSDVKPVIQWLKRVEYGSEGRHNSTIDVGGQKFWLPTGDVWSRPDGSYLNKLLISR 
180 190 200 210 220 230 



SEQ 32 ARQDDAGMYICLGANTMGYSFRSAFLTVLPDPKPPPGPPMASSSSSTSLPWPWIGIPAG 
240 250 260 270 280 290 




EXHIBIT B 



Alignment of SEQ ID NOS: 31 and 33 with mouse FGFR1-FGFR4 : 

The following sequences were used in the alignment: 

FGFR1: Mouse Swissprot entry P16092 

FGFR2: Mouse Swissprot entry P218 03 

FGFR3: Mouse Swissprot entry Q61851 

FGFR4: Mouse Swissprot entry Q03142 

Blue highlighting: three Ig domains 
Yellow highlighting: Acidic Box 

Green highlighting: Cell adhesion molecule homology domain (CAM) 
Conserved cysteines: White in blue highlights 
Boxed: Transmembrane domains 
Underlined: hepar in-binding domain 

The alignment is: 

CLUSTAL W (1.75) multiple sequence alignment 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



MWGWKCLLFWAVLVTA--TLCTARPAPTLPEQA — QPWGVP VEVESLLVHP 

MVS W GR F I C L VL VTMA — TLSLARPSFSLVEDTTLEPEEPPTKYQISQPEAYWAP 

MWP AC VL VFC VAWAGAT S E P PGPE QRVVRRAAE VP G PE P SQQEQVAFGS 

MWLLLALLS I FQGT PALS LEAS EEMEQE PC LAP I LE- -QQEQVLTVAL 

MTRSPALLLLLLGALPSAEAARGPPRMADKWPRQVAR L 

-RRAPCCCSCCRRCCWGPSHRPPPPEAPQRWRTRWSHGRWP A 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



PCPT ^DD--VQ3IK5rLRDO--VQI^"ESSRTKI PG^EVtiVROriT PAP SGLYA 

V C'-LKD AAV X £■ W TKD G - V H P G P K N R TV L I G E Y L Q I KG AT PR P S G L Y AjCjl AAPv TV": 

S C H P PGGAPTGE TVWAKD G - T GLVAS H R I LVGPQRLQVLN ASHE DAGVY S C 2ri ivi, T 

PCGRTE RGR H W Y RE G - S RLAS AG R VR L.TW RG R PE T A S F L PRO AG K V I. C PARG SM ■ 

::CP'vG:gD -FPPPTKWTKDGR'r I HSG^SRFRVPPQGPKVXEVKAEP AGVY VCKATNGP 



p :gt 



n T hi T ^ 



? T I HS GWS RJ'R V PPQGLKVRQ VP ES PAPTGPvffl 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



-APYWTNTEKMEKRLHAC 



■APYWTRPERMDKKLI-AV 



SDTTYFSVNVSDALPSSEDDDDDDDSSSEEKETDNTKPNRRP^APYWTSPEKMEKKL^V 
SETWIFMVNVTDAISSGDDEDDTD — SSEDWSEN-RSNQR 

RVLCHFSVRVTDAPSSGDDEDGED VAED-~T~G| 

TWHNLTLLMDDSLTSISNDEDPK 

SLSVNYTLIIMDDISPGKESPGPG — G 
SLSVNYT LWLDD I S PGKESLGPD — S — 



■TLSSSSSGHVYPQ3&PYWTHPQ RMEKKLHAV 
-SSGGQEDPASQQWARPRF 



S SGGQE DPAS QQW ARPR FTQPS KMRRRV I 



''TQPS KMKRRVIAP 
AS 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



PAAK/rVKF^dPS SG TPS PT LRW LKNGKE FK ?D HRX GGY KVRYATKS I X MP £W PSD KG'NY 
PAAP TVKPHC PAGGN P T 3 T:> SR. W I .KNGKE FKQP H R T GG Y fO/R MQ H W SI A ME S WPS P KGN 1 
PA\NT vT<Fr^CpAAGNFTPS X SW'LKNGKE FRGE H RX GGI K"I.RHQQWS PVME SWPSDRGNY 
-ACRNPrtPT X HWLKDGQAFHGE NRI GG I RPRHQHWS LYME SWPSDHGTY 
/AS^PPRPDINIWl-fPCPPQTLT ■ H LP AS E H RKKKW Z L S LKN L K F E P 3 .i KY 
?VG:S S V PLF^Cf/ASGP PRPDI TWMKPDQALT - RPPAAE PFJsTKW T L P LKN LRPE D SG f*P' 




1 



JAM 1 3 2KB 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



Tp I VE NE YGS I NHT YQLDWERS PHRP I LQAGL PANKT VALGSNVE 
JqLVENE YGS I NHT YHLDWERSPHRP I LQAGLPANAS TW GGDVE 
Jc WENKFGS I RQT YTLDVLERS PHRP I LQAGLPANQTAI L 3SDVE Fi 
•n™ VENSLGS I RYS YLLDVLERS PHRP I LQAGL PANT TAW GSDVEL 
iVSNKAGAINATYKVDVIQRTRSKPVLTGTHPVNTTVDFGGTTS 
LVSWRAGAINATYKVDVIQRTRSKPVLTGTHPVNTTVDFC3GTTSFi 




SDPQPHIQ 
SDAQPHIC 
SDAQPHIC 
SDAQPHIQ 
;SDVKPVIC 
SDVKFVIQ 



* * * * * 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



ffLKHIEVNGS KIGPDNLPYVQI LKTAGVNTTDKEMEVLHLRN - -VSFEDAGE Y T*cE 

WIKHVEKNGS KNGPDGLPYUCVIJCAAGVNTTDKEIEVLYIRN--VTFEDAGEYaCL 

WLKHVEVNGS KVGPD G TPYVTVUCTAGAN T TDKE LE VLS LHN — VT FE D AGE Y 1CL 

WLKHVVINGS S FGAD GFP YVQVLKT TD I N I S — E VQVLY LRK - - VSAE DAGE Y T C I. 

WLKRVE YGSE GRHNST I DVGGQKFVVXPTGDWSRPDGSYLNKLLI SRARQDDAGMY I C L 
WLKRVEYGAEGRHKSTIDVGGQKFWLPTGDVWSRPDGSYL^KPL 



FGFR1 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



&GNSIG 

AGNSI 
GANTMd 



A.GKSIqLSHHSAWLTVLEALEERPAVMTS-PLYLE lI 1 I YCTG-AFLISCMLGSVI ijY KMK 
I S FHSAWLTVL PAPVREKE I TAS - PD YLE KaTyC I G- VFL I ACMWTVI F CRMK 
FSHHSAWLWLPAEEEIMTDEAGSVYAWLSYGW-FFLFILWAAVIlJCRLR 



LSYQSAWLTVLPEEDLTWTTATPEARYTD |IILYVSGSLVLLVLLLLAGVY{ HRQV 
YSFRSAFLTVLPDPKPPGPPMASSSSSTSLPW [PWIGIPAGAVFILGTVLLWg C 



FGFR1 SGTKKSDFHSQMAVHKLAKS I PLRRQVTVSADSSASMNSGVLLVRPS-RLS S SG - TPMLA 

FGFR2 TT TKKPDFS SQPAVHKL TKR I PLRRQVTVS AE S S S SMNSNT PLVRI T TRLS S TADT PMLA 

FGFR3 S PPKKG — LGS PT VHKVS R- FPLKRQV- - S LE S NS SMNSNT PLVR I A- RL S S GE - GPVLA 

FGFR4 IRGHYS — RQPVTIQKLSR-FPLARQF — SLESRSSGKSSLSLVRGV-RLSSSG-PPLLT 

SEQ31 QTKKKP CAPASTLP-VPGHRPPGTSRERSGDKDLPSLAVGICEEHGSAMAPQHIL 

SEQ33 



FGFR1 GVSE YELPEDPRWELPRDRLVLGKPLGEGC FGQWLAEAI G LDKDKPNRVT 

FGFR2 GVSEYELPEDPKWEFPRDKLTLGKPLGEGCFGQWMAEAVG IDKDKPKEAV 

FGFR3 NVSELELPADPKWELSRTRLTLGKPLGEGCFGQWMAEAIG IDKDRTAKPV 

FGFR4 GLVNLDLPLDPLWEFPRDRLVLGKPLGEGCFGQWRAEAFGQWRAEAFGMDPSRPDQTS 

SEQ31 ASGSTAGPKLYPKLYTDVHTHTHTHT CTHTLSCGGQGS STP 

SEQ33 



FGFR1 KVAVKMLKSDATEKDLSDLISEMEMMKMIGKHKNIINLLGACTQDGPLYVIVEYASKGNL 

FGFR2 TVAVKMLKDDATEKDLSDLVSEMEMMKMIGKHKNIINLLGACTQDGPLYVIVEYASKGNL 

FGFR3 TVAVKMLKDDATDKDLSDLVSEMEMMKMIGKHKNIINLLGACTQGGPLYVLVEYAAKGNL 

FGFR4 TVAVKMLKDNASDKDLADLVSEMEVMKLIGRHKNIINLLGVCTQEGPLWIVECAA^ 

SEQ31 AC PLS VLNTAN- LQALC PE VG I WGPRQQVGR I ENNGGRVS 

SEQ33 



FGFR1 REYLQARRPPGLEYCYNPSHNPEEQLSSKDLVSCAYQVARGMEYLASKKCIHRDLAARNV 

FGFR2 REYLRARRPPGMEYSYDINRVPEEQMTFKDLVSCTYQLARGMEYLASQKCIHRDIAAR^ 

FGFR3 RE FLRARRPPGMDYS FDACRLPEEQLTCKDLVSCAYQVARGME YLASQKC I HRDLAARNV 

FGFR4 RE FLRARRPPGPDLSPDGPRSSEGPLSFPALVSCAYQVARGMQYLESRKC I HRDLAARNV 

SEQ31 

SEQ33 



2 



32KB 



FGFRl ^<jfyp£tt£>^VTE DNVMK I AD FG LARD I HH I D Y YKKT TNGRL P VKWMAPEAL FDR I YTHQS DVWS FGVL 



FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



LVTENNVMKIADFGLARDINNIDYYKKTTNGRLPVKWMAPEALFDRVYTHQ 
LVTEDNVMKIADFGLARDVHNLDYYKKTTNGRLPVKWMAPEALFDRVYTH 
LVTEDDVMKIADFGLARGVHHI DYYKKTSNGRLPVKWMAPEALFDRVYTHQSDVWS FE IL 



FGFRl 
FGFR2 
FGFR3 
FGFR4 
SEQ31 
SEQ33 



LWE I FTLGG-S PYPGVPVEELFKLLPCEGHRMDKPSNCTNELYMMMRDCWHAVPSQRPT FK 
MWEIFTLGG-SPYPGIPVEELFKLLKEGHRMDKPTNCTNELYMMMRDCWHAVPSQRPTFK 
LWE I FT PGGPS P YPG I PVEEL FKLLKEGHRMDKPAS CTHDL YM IMRECWHAVPS QRPT FK 
LWEIFTLGG-SPYPGIPVEELFSLLREGHRMERPPNCPSELYGLMRECWHAAPSQRPTFK 



FGFRl QLVEDLDRI VALTSNQE YLDLS I PLDQYS PS FPDTRS STCS SGEDSVFSHEPLPEEPCLP 

FGFR2 QLVEDLDRI LTLTTNEE YLDLTQPLEQYS PS YPDT- S S SCS S GDDSVFS PDPMP YE PCLP 

FGFR3 QLVEDLDRILTVTSTDEYLDLSVPFEQYSPGGQDT-PSSSSSGDDSVFTHDLLP P 

FGFR4 QLVEALDKVLLAVS-EEYLDLRLTFGPFSPSNGDA-SSTCSSSD-SVFSHDPLPLEP — S 

SEQ31 -r 

SEQ33 

FGFRl RHP TQ LANS GLKRR 

FGFR2 QYP — HINGSVKT- 

FGFR3 GPP SNGGPRT- 

FGFR4 PFP FSDSQTT- 

SEQ31 

SEQ33 



3 




An Essential Heparin-Binding Domain in the 
Fibroblast Growth Factor Receptor Kinase 

Mikio Kan, Fen Wang, Jianming Xu, John W. Crabb, 
Jinzhao Hou, Wallace L. McKeehan* 

Heparin or heparin-like heparan sulfate proteoglycans are obligatory for activity of the 
heparin-binding fibroblast growth factor (FGF) family. Heparin interacts independently of 
FGF ligand with a specific sequence (K1 8K) in one of the immunoglobufin-like loops in the 
extracellular domain of the FGF receptor tyrosine kinase transmembrane glycoprotein A 
synthetic peptide corresponding to K18K inhibited heparin and heparin-dependent FGF 
binding to the receptor. K1 8K and an antibody to K1 8K were antagonists of FGF-stimulated 
cell growth. Point mutations of lysine residues in the K18K sequence abrogated both 
heparin- and ligand-binding activities of the receptor kinase. The results indicate that the 
FGF receptor is a ternary complex of heparan sulfate proteoglycan, tyrosine kinase trans- 
membrane glycoprotein, and ligand. 



Matrix^or transmembrane heparan sulfate 
proteoglycans have been viewed as a low- 
affinity reservoir of FGF binding sites dis- 
tinct from the signal -generating transmem- 
brane receptor. Studies have shown that 
FGFs interact with heparin-like glycosami- 
noglycans independently of other proteins, 
heparin protects FGFs from heat and pro- 
teolytic inactivation, and heparin increases 
the affinity of FGF for cell surface receptors 
(J). In this report, we show that heparin 
and cell-derived heparan sulfate proteogly- 
cans interact independently of FGF ligand 
with a specific domain in the NH 2 -terminus 
of immunoglobulin (Ig)-like loop II of the 
transmembrane tyrosine kinase glycopro- 
tein component of the FGF receptor (FGF- 
R) complex (2) . The intact structural do- 
main and associated heparin or heparan 
sulfate proteoglycan is obligatory for bind- 
ing of FGF. 

Exposure of cells to 0.6 M NaCl before 
or after ligand-binding assays had no effect 
on I25 I-labeled binding of FGF to cell- 
surface receptors (Fig. 1A, inset); however, 
increased salt concentrations during bind- 
ing assays decreased the binding of FGF 
relative to that of epidermal growth factor 
(EGF) (Fig. 1A). This indicated that the 
binding of FGF to receptors was disrupted 
by concentrations of salt (<1 M) insuffi- 
cient to inhibit the association of FGF with 
heparin (i). Immunopurifted receptor ki- 
nase, FGF-R131, derived from insect celts 
infected with recombinant baculovirus (3), 
bound l25 I-labeled FGF in the presence of 
0.15 M NaCl without the addition of hep- 
arin (Fig. IB). However, washing the com- 
plex with 0.5 M NaCl prevented binding of 
FGF. Exposure of the receptor to heparin 
restored ligand-binding activity even after 
the receptor complex was removed from the 

W. Alton Jones Cell Science Center, Inc., Old Barn 
Road, Lake Pla cid, NY 12946. 

'To whom correspondence should be addressed. 
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solution containing heparin before the 
binding. This suggested that the endoge- 
nous salt-extractable cofactor was heparin 
or a heparin-like molecule. Similar to hep- 
arin, nonreceptor heparin-like FGF-bind- 
ing molecules that were released from cells 
by mild trypsin treatment (4) also restored 
ligand-binding activity to the salt-washed, 
inactive recombinant receptor kinase. The 
salt-labile association of FGF-R with immo- 
bilized heparin in the absence of FGF con- 
firmed that the FGF-R kinase interacts with 
heparin independently of ligand. 



Fig. 1. Requirement for a heparin- 
like component in the FGF-R com- 
plex. (A) Inhibition of FGF binding 
to cetls by NaCl. Specific binding of 
,25 l-labeled FGF-1 , FGF-2, or EGF 
to HepG2 cells was determined as 
described (12). Specifically bound 
factor is expressed as a percent- 
age of that bound in the presence 
of 0.15 NaCl in phosphate-buffered 
saline (PBS). The indicated con- 
centrations of NaCl were present 
during the binding assays. (Inset) 
lodine 125 -labeled FGF-1 receptor 
complexes from HepG2 cells 
washed with PBS (lane 1); cells 
washed with 0.6 M NaC! in PBS 
before (lane 2) or after (lane 4) 
binding assays or from cells with 
0.6 M NaCl in PBS in the binding 
assays (lane 3), Receptor complex- 
es were covalently cross-linked 
with 1 rrtM disuccinimydyl suberate 
(DSS) and analyzed by 7.5% SDS- 
polyacrylamide gel electrophoresis 
(PAGE) and autoradiography (12). 
Molecular size markers are indicat- 



To identify the heparin-binding do- 
main, we immobilized recombinant 105-kD 
FGF-Ripi on heparin-agarose and subject- 
ed it to mild trypsin treatment. Heparin 
protected a fragment of about 30 kD (the 
45-kD band includes the 15-kD ligand) 
(Fig. 2A). Purification of the heparin-bind- 
ing, trypsin-resistant fragments by chroma- 
tography on copper-chelating agarose and 
reversed-phase high-performance liquid 
chromatography (HPLC) revealed 33- and 
30-kD species with NH 2 -terminaI sequences 
P 23 SPTLPEQ and E 5I TDNTKPN, respec- 
tively (Fig. 2B) (5). Residue P 23 is two 
residues past the NH 2 -terminal A 21 residue 
of mature FOF-Rlpl (3), and the E 51 resi- 
due is ten residues upstream of the beginning 
of loop II at the COOH- terminus of a 
characteristic cluster of acidic residues re- 
ferred to as the acidic box. Failure of the 
30-kD fragment to react with antibody 
D26K (3) to FGF-Ripi residues D 31 to K 56 
containing the acidic box (Fig. 2C) con- 
firmed that the 33- and 30-kD fragments 
differ in the absence or presence of residues 
P 23 to K 50 . Reactivity of the 33- and 30-kD 
species with antibody H27V (3) to the 18 
COOH-terminal residues of the sequence 
H 152 to V 178 (Fig. 2C) suggested that the 
heparin-protected fragments spanned at least 
Ig loop II and the sequence between loop II 
and loop III. Failure to react with antibody 
L30K (3, 6) to residues E 233 to Y 250 (Fig. 



120- 




120. 



t i 



NaCl 
HS 
NaCl 
FGF 



FGF-1 



FGF-2 



ed at the left (in kilodaltons). (B) Heparin requirement for FGF binding to recombinant FGF-R1 ft ( 13) 
Soluble heparin (2 ng/ml; 170 U/mg) was the HS component in the binding assays in lanes 3 to 8 
in lanes 6 to 8, beads were incubated with heparin (2 jig/ml) and then washed with PBS before the 
binding assays. The salt-washed immunocomplex in lane 9 was incubated with 10 ^l of the material 

I25, u e , a !flL° m the Surface of HepG2 cel,s b V tr yP sin < 4 >- Lanes ™ to 12 show the binding of 
- abeied FGF to 10 p.) of heparin-agarose (HS) beads after incubation with 20 (d of infected Sf9 
cell lysate. 
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2C) showed chat the protected fragments 
were truncated before or within the se- 
quence in loop III. Treatment with N-gly- 
cosidase F suggested that the 33- and 30-kD 
fragments contained about 50% (13 to 14 
kD) (Fig. 2D, lane 1) of the 25 to 30 kD of 
carbohydrate in the parent recombinant 
FGF-Ripi (3). Cleavage of a mixture of the 
30- and 33-kD species with cyanogen bro- 
mide yielded three FGF-R1 peptides with 
NH 2 -termini at residues P 2 \ P 61 , and D 129 
(7). The latter COOH-terminal peptide had 
an apparent molecular size of 18 kD (Fig. 
2D) and an amino acid composition that 
suggested that the peptide extended through 
F 186 in loop III (7). The FGF-R1 heparin- 
binding domain was further localized by 
heparin-binding and protease protection 
analysis of a secreted recombinant fragment 
(Fig. 2E) that spanned the common FGF-R1 



NH 2 - terminus, loop I, the sequence be- 
tween loop I and loop II, and the NH 2 - 
terminal half of loop II of the three-loop 
FGF-Rla isoform (3, 8). Interaction with 
heparin-agarose indicated that the resulting 
56-kD fragment (8) contained a heparin- 
binding domain (Fig. 2E). Treatment of the 
immobilized fragment with lysine-speciftc 
endoproteinase Lys-C released a 23 -kD pep- 
tide that reacted with monoclonal antibody 
M1C4 to an epitope within the 24 COOH- 
terminal residues of loop I (3) but not with 
monoclonal antibody M19B2, which reacts 
with an epitope shared by both FGF-Rlct 
and FGF-Rlp isoforms (3). Immunochemi- 
cal analysis indicated that the parent undi- 
gested 56-kD fragment and a 27-kD frag- 
ment exhibiting the loop I M IC4, the acidic 
box, and the M19B2 epitopes remained 
bound to the heparin-agarose (Fig. 2E). The 



released 23-kD fragment probably spans the 
mature FGF-Rla NH 2 -terminus through the 
first endo-Lys C-sensitive residue K 50 (K 139 
in FGF-Rla), with 13 kD of mass attribut- 
able to amino acid content and 10 kD 
attributable to carbohydrate on the two 
N-linked sites of loop I (2, 3). This indicat- 
ed that neither loop I nor the acidic box 
contained a heparin-binding domain. The 
K 50 residue is the partially protected tryptic 
cut site in FGF-R1(3 whose cleavage resulted 
in the 30-kD fragment with NH 2 -terminus 
E 51 TDNTKPN described above. Because 
the 27-kD fragment derived from the FGF- 
Rla construction that was retained on the 
heparin-agarose contained the complete a 
loop I sequence and the acidic box, we 
deduced that the FGF-R1 heparin-binding 
domain must lie downstream of K 50 within 
the 4-kD difference in the COOH-terminal 



Fig. 2. Identification of the FGF-R1 heparin- 
binding domain. (A) Heparin-protection frag- 
ments of FGF-R1 p. Infected Sf9 cell lysates (20 
ixl) containing FGF-R1|31 were mixed with PBS 
(lanes 1 and 2) or 1 ml of trypsin (0.5 ng/ml) in 
PBS (lanes 3 and 4) and incubated for 10 min at 
room temperature. Trypsin inhibitors were add- 
ed, and the solution was then mixed with anti- 
body A50 to FGF-R1 bound to protein A-aga- 
rose beads (3); 12s l-iabeled FGF-1 was then 
bound and cross-linked to the immunocom- 
plex. Assays in lanes 1 and 3 contained soluble 
heparin (2.5 mg/ml) during the trypsin treat- 
ment. In lanes 5 and 6, FGF-R1 was immobi- 
lized on heparin-agarose beads (10 ^.l), and 
the beads in lane 6 were subjected to the 
trypsin treatment before being used in binding 
assays. The labeled band at 120 kD is full- 
length 105-kD FGF-R101 with the 15-kD ligand. 
The band at 65 kD is ligand cross-linked to a 
50-kD extracellular domain fragment resulting 
from proteolysis of the full-length FGF-R1 01 (3). 
Lane 7, 125 l-labeled FGF-1 bound to the puri- 
fied heparin-protected fragment described in 
(B). (B) Purification of the heparin-protection 
fragments. Sf9 tysate containing FGF-R10 (25 
to 50 p,g) was applied to a heparin-agarose 
column (10 ml) in 0.1% Triton X-100 in PBS. 
Trypsin (200 p,g) in 10 ml of 25 mM tris-HCI (pH 
8.2) was applied to the column for 1 hour at 
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20 30 40 50 
Retention Time (min) 
10*0. The column was washed with PBS containing 0.1% Triton X-100 and 
0.2 mM phenylmethylsulfonylfluoride (PMSF) and then eluted with 2 M 
NaCI in the same buffer. The eluate was then applied to a 3-ml copper- 
chelating agarose column, and the column was washed with 0.5 mM 
imidazole in PBS and then eluted with PBS-5 mM imidazole. The eluate 
was then applied to a C4 reversed-phase column (0.46 x 25 cm) and 
eluted with the indicated gradient of acetonitriie. The active peak (50 \l\ of 
a 1-ml pool) was tested for ligand-binding activity (Fig. 2A, lane 7) and 
purity on silver-stained 12% SDS-PAGE (inset). For sequence analysis of 
the two bands, 500 p.l were separated on SDS-PAGE, electrophoretically 
transferred to polyvinylidine difluoride (PVDF) membranes, and the indi- 
cated NH 2 -terminal sequence of the excised bands determined by gas 
phase Edman degradation. (C) Immunochemical analysis of the 30- and 
33-kD heparin-protection fragments. Sf9 cell lysate containing 100 ng of 
FGF-Ripi (top) and 100 ng of purified heparin-protected fragments from 
the trypsin treatment (bottom) were analyzed after 12% SDS-PAGE and 
elect rophoretic transfer to nitrocellulose paper (protein immunoblot) with 
the indicated rabbit polyclonal antibodies to peptide (3). (D) Lane 1, 
N-linked carbohydrate content of the 30-kD heparin-protection fragment.' 



60 




70 



The purified 30-kD fragment was treated with 2 U of N-glycosidase F in 25 
mM tris-HCI (pH 8.0) containing 0.5% CHAPS and then analyzed by 
protein immunoblot with antibody H27V. Lane 2, COOH-terminal cyano- 
gen bromide peptide of the heparin-protection fragments (7). The peptide 
eluting at 27% acetonitriie from C18 reversed-phase HPLC with NH 2 - 
terminus D 129 was analyzed with antibody H27V. (E) Localization of the 
heparin-binding domain to the NH 2 -terminus of loop II. Medium (18 ml) 
from Sf9 cells (5 x 10 6 ) infected with baculovirus bearing a partial cDNA 
coding for FGF-Rla (3) was mixed with heparin-agarose beads in PBS (1 
ml). A 200- m-I sample of the beads was mixed and incubated with 0.5 p,g 
of endoproteinase Lys-C in 50 \l\ of 0.1 M tris-HCI (pH 8.5) and 1 mM 
CaCI 2 overnight at 37 9 C. The supernatant (lanes 1 and 2) and extract of 
the beads (lanes 3 and 4) were analyzed by 12% SDS-PAGE and 
immunoblot with the indicated monoclonal antibodies. M19B2 exhibits 
equal reactivity with FGF-Rla and FGF-Rip isoforms, but does not react 
with synthetic peptides D 31 to K 56 (D26K) or K 71 to K 88 (K18K) (3). 
Relevant domains and residues in the constructions are indicated in the 
diagram. The square is the acidic box, the triangle is the Eco Rl site of 
FGF-R1 , and the wavy line is the extension owing to in-frame ligation (3). 
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Fig. 3. Properties of the FGF-R1 heparin-binding sequence 
domain. (A) Heparin binding. (Left) Portions (50 jil) of 
infected (+) and uninfected (-) Sf9 cell lysates were mixed 
with antiserum A50 (10 nl) and protein A-beads (20' jil). The 
beads were washed with 0.6 M NaCI in PBS and then 
incubated with [ 3 H]heparin (2 ng/ml, 400 cpm/ng, 10 ^l) for 
1 hour at 10°C. Beads were incubated with unlabeled 
heparin or washed with 0.6 M NaCI before counting as 
indicated. (Right) Each of the indicated synthetic peptides 
(0.2 mg/ml) was immobilized in 96-well enzyme-linked immu- 
nosorbent assay plastic plates. Wells were incubated with 
100 p.l of [ 3 H] heparin for 1 hour at room temperature and 
washed three times with PBS. Bound heparin was extracted 
with 0.5 M NaOH and counted. Separate wells containing 
K18K were washed with unlabeled heparin before counting 
as indicated. (B) Ligand binding. Wells containing the indi- 
cated synthetic peptides were incubated stepwise with 
(hatched bars) and without (open bars) heparin (2 ag) and 
then with ^l-labeled FGF-1 or FGF-2 (2 ng/ml). Bound 
radioactivity was extracted with NaOH and counted (C) 
Antagonism of FGF receptor binding. The effect of the 
indicated synthetic peptides (200 ng/ml) on binding of 

l-labeled FGF to immobilized complexes of heparin-FGF-RlB1- 
antibody-protein A-beads as shown in Fig. 1B (lane 6) was tested (D) 
Antagonism of cell growth. The growth response (DNA synthesis) of 
mouse keratinocytes (MK) and human umbilical vein endothelial cells 
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sequence of the released 23-kD and the 
retained 27-kD fragments. Moreover, the 
4-kD COOH-terminus must end short of 
glycosylation site N 96 within loop II, which 
otherwise would add 3 to 4 kD of additional 
size to the 27-kD retained peptide. The 
cluster of basic and hydrophobic residues 
K 71 MEKKLHAVPAAKTVKFK 88 (K18K) 
within the 4-kD sequence is characteristic of 
heparin-binding domains in heparin-binding 
proteins (9). The synthetic polypeptide 
K18K bound 3 H-labeled heparin (Fig. 3A), 
exhibited heparin-dependent FGF binding 
(Fig. 3B), and inhibited binding of FGF to 
the recombinant heparin-FGF-Rl complex 
(Fig. 3C) and to intact cells (Fig. 3D). 
Moreover, an antibody to the K18K se- 
quence also inhibited binding of FGF to 
intact cells (Fig. 4A). 

To test the function of the K18K se- 
quence on binding of FGF to the intact 
FGF-R1 kinase, we substituted lysine resi- 
dues in the sequence by mutagenesis of 
cDNA and examined the ligand-binding 
activity of expression products of the mu- 
tated cDNAs in transfected cells (Table 1). 
Substitution of lysine residues 71, 74, and 
75 in the NH r terminus of K18K abrogated 
the binding of FGF, whereas substitution of 
COOH-terminal lysine residues 83 and 86 
increased the apparent dissociation con- 
stant (KJ (1764 pM) for FGF to over 13 
times that of wild-type FGF-R1 (134 pM). 
Recombinant FGF-R1 in which the tandem 
lysine residues 74 and 75 were replaced in 
the NH 2 -terminus of K18K bound 80% of 
the amount of FGF that bound to wild-type 
FGF-RI, whereas the substitution of Lys 71 
alone or with one of the two other NH T - 
terminal lysines reduced binding to 10 to 
30% that of wild type when FGF binding 

1920 



was compared in assays containing l25 I-FGF 
at the K d of wild-type FGF-RI. 

Finally, to determine whether the loss of 
ligand-binding activity as a result of muta- 
tion in the K18K heparin-binding domain 
correlated strictly with loss of heparin-bind- 
ing activity of the receptor kinase, we 
directly tested the heparin-binding activity 
of heparin-binding domain mutant II (Ta- 
ble 1). The results suggest that ligand- 
binding activity closely correlates with the 
heparin-binding activity of the intact K18K 
sequence and that the K18K domain is the 
only heparin-binding domain in the recep- 
tor kinase from the NH 2 -terminus through 
18 residues of the intracellular juxtamem- 
brane sequence (Fig. 4B). 

Although our collective results do not 



establish that heparin or heparan sulfate 
glycosaminoglycan is part of the active FGF 
binding site of the FGF-R complex, they do 
indicate that the heparin-binding domain 
and associated glycosaminoglycan is essen- 
tial for binding of FGF. Interaction of all 
three components may be obligatory for 
activation of signal transduction pathways 
linked to the FGF-R complex. Heparin, 
which probably mimics the native heparan 
sulfate components of the receptor duplex, 
appears to be a nonspecific requirement for 
binding of FGF homologs. Determination 
of whether specific heparan sulfate proteo- 
glycans alter receptor complex specificity 
for different members of the FGF ligand 
family requires molecular characterization 
of the native heparan sulfate components of 
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Fig. 4. (A) Inhibition of cell growth by antibody to 
K18K. An antibody to the synthetic K18K peptide was 
prepared in rabbits as described (3). The effect of 2 >il 
of immune serum (hatched bars) per 1-ml assay on 
DNA synthesis of human umbilical vein endothelial 
ceils in the absence or presence of FGF-1 and heparin 
was compared to the effect of preimmune serum 
(open bars). (B) Loss of heparin-binding activity of 
K18K sequence mutant of FGF-R 1. Heparin-binding 
site mutant II cDNA from Table 1 was expressed in 
COS- 7 cells; the ceils were extracted with 0.1% Triton 
X-100, and the extract analyzed by protein immuno- 
blot with antibody A50 (lane 1). The same amount of 
extract was incubated overnight with heparin-agarose 
beads. Beads were eluted with 2 M NaCI and then 8 M 
urea and the eluates analyzed in lanes 2 and 3, 
respectively. Lanes 4 to 6 are positive controls for the 
analysis. The secreted product of a cDNA construc- 
tion coding for FGF-R1 through I 204 , which contained 
the wild-type K18K sequence from concentrated con- 
ditioned medium of transfected COS cells, was ana- . . ■ , . . ... , 

lyzed directly by immunoblot (lane 4). The same amount of product was incubated with heparin- 
agarose beads, which were then eluted with 2 M NaCI (lane 5) and then 8 M urea (lane 6) 
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Table 1. Effect of lysine substitutions in the heparin-binding domain of FGF-R1 on ligand binding 
Mutagenesis mediated by polymerase chain reaction (74) was used to generate point mutations in 
cDNA, resulting in the substitutions of the underlined amino acids (5) that are residues in the same 
spatial positions in the sequence of Ig-like loop I of FGF-Rla(3). FGF-R101 template was used with 
S'-primer P1a, which is 67 base pairs (bp) upstream of the translationaJ initiation site, 3'-primer 
Plb2, which begins one codon downstream of the codon for the COOH-terminal cysteine of loop II. 
and complementary pairs of primers containing the mutations to generate a 500-bp cDNA (2 14) 
After treatment with Klenow enzyme and Bst XI, the purified cDNAs were ligated at the Bst XI site 
with a 600-bp FGF-R10 cDNA extending through the sequence coding for 18 residues of the 
intracellular juxtamembrane (2, 14). Complementary DMAs (1 kilobase pair) were cloned into 
pBluescript SK vector at Eco Rl and Eco RV sites, verified by -sequence, and then cloned into 
mammalian expression vector P91023B {2, 3, 14). Transfected COS-7 cells were split into 24-weil 
plates (8 x 10 4 cells per well) for replicate ligand- and antibody (H27V and A50)-binding assays 
( 14). Binding assays contained 120 pM FGF-1 or FGF-2 labeled to a specific activity of 3 x 10 5 cpm 
per nanogram. The amount of ligand and antibody bound to untransfected cells was subtracted 
from that bound to transfected cells. Ligand binding among cells transfected with different 
constructions was normalized to amount of cell surface antigen expressed by the quotient of the 
amount of specifically bound ligand divided by the amount of specifically bound antibody Ugand 
binding was then expressed as a percentage of that in cells transfected with wild-type FGF-R1fJ 
cDNA (I). Scatchard analysis of FGF-1-binding to cells transfected with wild-type (I) and mutants II 
III, and IV constructions were performed, and the indicated apparent /C calculated as described (2 
12). ND, not determined. 
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the FGF-R complex from different cells and 
tissues. Native heparan sulfate proteogly- 
cans that react with FGF have been report- 
ed (10). One in particular appears to copu- 
rify with the tyrosine kinase glycoprotein 
component of the FGF-R complex {11). 
Isolation and characterization of the native 
tissue- and cell-specific heparan sulfate pro- 
teoglycan cofactors of the FGF-R complex 
with the recombinant glycoprotein tyrosine 
kinase component as an affinity probe 
should clarify this question. 
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